Phaeochromocytomas are rare neuroendocrine tumours that produce catecholamines and numerous secretory proteins and peptides, including neuropeptide Y (NPY), a vasoactive peptide with influences on blood pressure. The production of catecholamines and NPY by phaeochromocytomas is highly variable. This study examined influences of hereditary factors and differences in catecholamine production on tumour expression of NPY, as assessed by quantitative PCR, enzyme immunoassay and immunohistochemistry. Phaeochromocytomas included hereditary adrenaline-producing tumours (adrenergic phenotype) in multiple endocrine neoplasia type 2 (MEN 2), predominantly noradrenaline-producing tumours (noradrenergic phenotype) in von Hippel-Lindau (VHL) syndrome, and other adrenergic and noradrenergic tumours where there was no clear hereditary syndrome. NPY levels in phaeochromocytomas from VHL patients were lower (P!0 . 0001) than in those from MEN 2 patients for both mRNA (84-fold difference) and the peptide (99-fold difference). These findings were supported by immunohistochemistry. NPY levels were also lower in VHL tumours than in those where there was no hereditary syndrome. Relative absence of expression of NPY in phaeochromocytomas from VHL patients when compared with other groups appears to be largely independent of differences in catecholamine production and is consistent with a unique phenotype in VHL syndrome.
Introduction
Phaeochromocytomas are rare neuroendocrine tumours of chromaffin cells characterised by synthesis, storage, release and local metabolism of catecholamines. Phaeochromocytomas also produce a diverse range of secretory proteins and peptides that are stored and processed within chromaffin granules from where they are coreleased with catecholamines, thereby potentially contributing to the clinical manifestations of these tumours (Parmer & Zinder 2002) . Neuropeptide Y (NPY), a tyrosinerich 36 amino acid peptide widely distributed throughout the central and peripheral nervous systems, including chromaffin cells of the adrenal medulla, is one such peptide that is produced in high quantities by phaeochromocytomas (Adrian et al. 1983 , Lundberg et al. 1986 , Grouzmann et al. 1989 , O'Hare & Schwartz 1989 , deS Senanayake et al. 1995 , Bravo 2002 , Spinazzi et al. 2005 . NPY has powerful vasoconstrictor effects causing significant increases in blood pressure at plasma concentrations reached in several pathological conditions, including heart failure and phaeochromocytoma (Ullman et al. 2002) . This has led some to suggest that approaches to antihypertensive management in phaeochromocytoma should take into account the possible effects of NPY, in addition to those of catecholamines (Bravo 2002) .
Production of NPY by phaeochromocytomas is highly variable (Lundberg et al. 1986 , Grouzmann et al. 1989 , deS Senanayake et al. 1995 , but the factors responsible for this variation are unclear. Previous studies suggested that differences in production of NPY may depend on whether tumours are malignant or benign (Grouzmann et al. 1989) or are derived from adrenal chromaffin cells or extra-adrenal paraganglia (Lundberg et al. 1986) . Since adrenal and extraadrenal tumours differ in expression of phenylethanolamine N-methyltransferase (PNMT), the enzyme that converts noradrenaline to adrenaline, lower expression of NPY in extra-adrenal when compared with adrenal tumours might reflect differences in adrenaline synthesis. Therefore, we examined whether the expression of NPY might be related to differences in catecholamine production. Four groups of tumours were examined, categorised by the presence or absence of a hereditary syndrome and by the production or lack of production of adrenaline (adrenergic vs noradrenergic phenotypes). Hereditary phaeochromocytomas included PNMT-expressing adrenergic tumours from patients with multiple endocrine neoplasia type 2 (MEN 2) and noradrenergic tumours that do not express PNMT from patients with von Hippel-Lindau (VHL) syndrome (Eisenhofer et al. 2001) .
Materials and Methods

Patients and tumour specimens
Tumour specimens were from 56 patients with histologically confirmed phaeochromocytomas, including 16 patients with VHL syndrome, 12 with MEN 2A and 28 patients with phaeochromocytomas in whom there was no evidence of hereditary syndrome (Table 1) . Tumour samples were obtained under clinical protocols approved by an Institutional Review Board, with informed consent from all patients.
Diagnosis of MEN 2 or VHL syndrome was confirmed by screening for germ-line mutations of the RET proto-oncogene or the VHL tumour suppressor gene. Approved clinical protocols allowed testing for germ-line mutations in 9 out of the 28 patients with phaeochromocytoma in whom there was no evidence of a hereditary syndrome. Among these nine patients, none was found to harbour germ-line mutations of the RET proto-oncogene, the VHL tumour suppressor gene, or the succinate dehydrogenase type D (SDHD) gene. One out of the nine patients was, however, found to have a variant of the succinate dehydrogenase type B (SDHB) gene, but as described elsewhere, this particular variant (p. Val140Phe) is not yet established to be a disease-causing mutation (Brouwers et al. 2006) . Given varying reported frequencies of germ-line mutations of RET, VHL, SDHD and SDHB genes in patients with apparently sporadic phaeochromocytoma (Bornstein & Gimenez-Roqueplo 2006) , it remains possible that 2-5 out of the 19 patients who were not tested may have harboured diseasecausing mutations of those genes. For the purposes of this report, the 28 patients in whom there was no evidence of a hereditary syndrome are referred to as having non-syndromic phaeochromocytoma. All hereditary and non-syndromic adrenergic tumours had an adrenal location, whereas 5 out of the 15 nonsyndromic noradrenergic tumours had an extra-adrenal location.
Tissue procurement conditions
Samples of tumour tissue were obtained within 90-min surgical removal of phaeochromocytomas. Small samples of tumour tissue were dissected away, divided into smaller 5-100 mg pieces, placed on dry ice, or optimal cutting temperature blocks and then stored at K80 8C. Other samples were formalin-fixed and processed for paraffin embedding for subsequent immunohistochemistry or histopathology. Samples of adrenal medulla were obtained from resected tumours that included margins of normal adrenal tissue.
Determination of biochemical phenotypes
The biochemical phenotype of tumour specimens was determined by the analysis of tumour catecholamine concentrations, as described elsewhere . Tissue concentrations of noradrenaline and adrenaline were quantified by liquid chromatography with electrochemical detection . Samples of tumour tissue were weighed, frozen and homogenised in 5-10 vol. of 0 . 4 M perchloric acid containing 0 . 5 mM EDTA. Homogenates were centrifuged and supernatants collected for catecholamine determinations.
Quantitative PCR
RNA was extracted from frozen phaeochromocytoma tumour samples and reverse transcribed as previously described (Huynh et al. 2005) . Quantitative PCR was performed with an ABI 7000 Sequence Detector (Applied Biosystems, Foster City, CA, USA) using PCR conditions consisting of 40 cycles of 15 s at 95 8C and 1 min at 60 8C. Singleplex PCRs were performed using 20 ng cDNA template and 1! TaqMan Universal PCR MasterMix, with 0 . 9 mmol/l forward and reverse primers and 0 . 25 mmol/l probe for NPY (TaqMan Gene Expression Assays, Applied Biosystems), 0 . 3 mmol/l forward and reverse primers and 0 . 2 mmol/l probe for PNMT (Huynh et al. 2005 ) and with 0 . 15 mmol/l forward and reverse primers and 0 . 2 mmol/l probe for 18S RNA (TaqMan Endogenous Controls, Applied Biosystems). The expression of NPY and PNMT was normalised against 18S RNA and the levels of NPY and PNMT in phaeochromocytoma samples were then calculated relative to the expression levels of NPY or PNMT mRNA from normal human adrenal tissue according to previously described methods (Livak & Schmittgen 2001) .
NPY peptide quantification and extraction
Small samples (5-100 mg) of frozen phaeochromocytoma tumour tissue were boiled in 750 ml of 0 . 1 M acetic acid for 10 min, homogenised for 25 s and centrifuged for 15 min at 4000 g. Supernatants were then collected and lyophilised. Dried residues were reconstituted in 250 ml assay buffer, with subsequent dilutions performed as necessary to enable quantification of NPY concentrations in 50 ml samples using a commercially available enzyme immunoassay (Bachem, King of Prussia, PA, USA). Concentrations of NPY were calculated relative to a standard curve generated 
Immunohistochemistry
Immunohistochemical staining was performed on formalinfixed paraffin-embedded (5 mm sections of phaeochromocytoma tumour tissue according to the previously described methods . Samples examined for NPY staining included tumours from six patients with VHL syndrome, seven patients with MEN 2 and seven patients with tumours where there was no obvious hereditary basis or syndrome. The primary antibody consisted of a polyclonal rabbit anti-NPY antibody (1:100; Bachem), coupled with a donkey anti-rabbit Cy3 secondary antibody (1:500, Jackson Immuno, Westgrove, PA, USA). Negative control sections of phaeochromocytoma were also processed concurrently according to the same methods, with omission of the primary antibody. Sections were examined using a Zeiss LSM 510 '405' confocal microscope at 543 nm excitation and with a LP 560 emission filter. All images were acquired with identical settings to allow for comparison. Images were processed using Zeiss LSM Image Browser software (Carl Zeiss, Oberkochen, Germany) without modifications to subsequent images. Staining was described as negligible, moderate or intense, and the distribution pattern of immunoreactive cells was noted.
Statistical analysis
NPY mRNA and peptide levels showed non-normal distributions. The data were therefore logarithmically transformed before statistical analysis and were presented as geometric means with standard errors calculated for either side of mean values. ANOVA, with post hoc tests by Sheffe's method, was used to assess for differences among all four groups of tumours. Relationships between variables were examined by linear regression analysis, with significance determined using Pearson's correlation coefficient.
Results
Tumour biochemical phenotypes
Among the 28 patients with MEN 2 and VHL syndrome, tumour tissue concentrations of adrenaline ranged widely over four orders of magnitude, from 0 . 002 to 91 . 8 mmol/g, while the concentrations of noradrenaline ranged less widely from 1 . 73 to 116 . 6 mmol/g. Tissue concentrations of adrenaline in tumours from VHL patients were !1% of the concentrations in tumours from MEN 2 patients, whereas tissue concentrations of noradrenaline in VHL tumours were a third of those in MEN 2 tumours (Fig. 1A) . Tumours in patients from the latter group were divided according to previously published criteria (Eisenhofer et al. 2004) into those that produced predominantly noradrenaline, designated with a noradrenergic (NA) phenotype, and those that produced significant amounts of adrenaline, designated with an adrenergic (A) phenotype. Among the 28 patients in whom there was no evidence of a hereditary syndrome, tumour tissue concentrations of adrenaline also varied widely over four orders of magnitude, from 0 . 002 to 36 . 2 mmol/g, while the concentrations of noradrenaline ranged from 0 . 105 to 34 . 6 mmol/g. Fifteen of those tumours contained !5% adrenaline and more than 95% noradrenaline and were defined with a noradrenergic phenotype. The other 13 tumours contained more than 11% adrenaline and were defined with an adrenergic phenotype.
For the tumours with a noradrenergic phenotype from the patients without evidence of a hereditary syndrome, the proportion of adrenaline averaged 1 . 5% (range 0 . 02-4 . 5%) of the total catecholamine content, and was similar to that (2 . 1%, range 0 . 1-9 . 8%) for the tumours from patients with VHL syndrome (Fig. 1B) . For the tumours with an adrenergic phenotype, the proportion of adrenaline averaged 44 . 8% (range 11-86 . 1%), similar to that in the tumours from MEN 2 patients where the proportion of adrenaline was 43 . 2% (range 8 . 9-67 . 8%).
Quantitative PCR indicated that MEN 2 tumours possessed 200-fold higher (P!0 . 0001) levels of PNMT mRNA than VHL tumours (Fig. 2A) . The PNMT mRNA levels in nonsyndromic adrenergic tumours were also 64-fold higher (P!0 . 0001) than in VHL tumours. Tumour tissue PNMT mRNA levels were 50-fold higher (P!0 . 0001) in nonsyndromic adrenergic tumours than in non-syndromic noradrenergic tumours. Tumours from MEN 2 patients had 153-fold higher (P!0 . 0001) PNMT mRNA levels than in non-syndromic noradrenergic tumours. Linear regression analysis indicated a strong positive relationship (rZ0 . 815, P!0 . 001) between tumour PNMT mRNA levels and tumour tissue adrenaline levels (Fig. 2B) .
NPY mRNA and peptide levels
Similar to the findings for tumour contents of adrenaline and expression of PNMT mRNA, phaeochromocytoma tumour tissue levels of NPY mRNA and peptide varied considerably among tumour samples; NPY mRNA expression and peptide levels varied by four orders or more in magnitude among different tumour samples. Expression of NPY mRNA correlated positively (rZ0 . 73, P!0 . 0001) with tumour tissue concentrations of NPY peptide (Fig. 3) .
Quantitative PCR indicated an 84-fold higher (P!0 . 0001) level of NPY mRNA expression in phaeochromocytomas from MEN 2 patients than in those from VHL patients (Fig. 4A) . NPY mRNA levels in adrenergic tumours, where there was no clear evidence of hereditary syndrome, were also 26-fold higher (PZ0 . 003) than in VHL tumours.
Tumour tissue NPY mRNA levels in non-syndromic adrenergic tumours also tended to be higher than in nonsyndromic noradrenergic tumours (threefold difference), but this difference did not reach significance (PZ0 . 55) and was much less than the 84-fold difference between hereditary adrenergic and noradrenergic tumours. (Fig. 4B) . Tumour tissue NPY peptide levels were also 22-fold higher (P!0 . 001) in non-syndromic noradrenergic tumours than in VHL tumours. Tumour tissue levels of NPY peptide also tended to be higher (fourfold difference) in non-syndromic adrenergic than noradrenergic tumours, but again this difference did not reach significance (PZ0 . 34) and was much less than the 99-fold difference between hereditary adrenergic (MEN 2) and noradrenergic (VHL) tumours.
Relationships of NPY with PNMT and adrenaline
Linear regression analysis indicated that tumour tissue levels of PNMT mRNA were positively related with tumour tissue levels of NPY mRNA (rZ0 . 600, P!0 . 001) and peptide (rZ0 . 626, P!0 . 001; Fig. 5A and B) . 
NPY immunohistochemistry
Staining of tissue samples with antibodies against NPY demonstrated clear differences between MEN 2 and VHL tumours, but no obvious differences between adrenergic and noradrenergic tumours in patients with non-syndromic phaeochromocytoma (Fig. 6 ). Intense staining for NPY was observed in all sections from the seven MEN 2 tumours examined. Staining was uniformly distributed in six specimens from MEN 2 patients, while intense staining of large numbers of clusters of cells was observed in the seventh specimen. In contrast, all six VHL tumours examined showed negligible to moderate cytoplasmic staining in isolated clusters, with occasional clusters of intense staining. The staining pattern in non-syndromic noradrenergic tumours (nZ3) ranged from moderate to intense staining in clusters of cells throughout the section, to intense immunoreactivity throughout the entire section. Staining in adrenergic tumours (nZ4) was moderate to intense throughout all examined sections; however, overall no discernable differences were noted between these two groups of tumours.
Discussion
This study demonstrating near absence of NPY in phaeochromocytomas from patients with VHL syndrome when compared with tumours from other groups of patients adds to an increasing body of evidence that the phaeochromocytomas in VHL syndrome have a unique phenotype (Eisenhofer et al. 2001 , Koch et al. 2002 , Huynh et al. 2005 , Vogel et al. 2005 . The development of hereditary phaeochromocytomas with different catecholamine phenotypes has been suggested to reflect origins from different populations of PNMT-negative noradrenergic and PNMT-positive adrenergic chromaffin cells (Eisenhofer et al. 2001 (Eisenhofer et al. , 2004 . Interestingly, the expression of NPY in the normal adrenal gland is confined to chromaffin cells that express PNMT and produce adrenaline (Lundberg et al. 1986 , Henion & Landis 1990 , Wolfensberger et al. 1995 . The above observations, together with our findings of positive relationships between tissue PNMT mRNA or adrenaline levels with NPYexpression and the differences in NPYexpression between VHL and MEN 2 tumours, might suggest that the expression of PNMT and NPY is linked. Our additional finding of non-significant differences in NPY expression between adrenergic and noradrenergic non-syndromic tumours argues against this hypothesis. The significantly lower levels of NPY in tumours from VHL patients than in all other groups examined, including non-syndromic noradrenergic tumours, strongly indicates that the near 100-fold difference in NPY expression between hereditary tumours reflects the influence of a VHL gene mutation rather than an influence of adrenaline content or production. Analysis of genes activated in hereditary phaeochromocytomas suggests that development of these tumours can be explained by a single pathway linking mutations in diseasecausing genes to a failure of apoptosis after withdrawal of growth factors during chromaffin cell development (Lee et al. 2005) . According to this proposal, inappropriate survival of embryonic chromaffin progenitor cells, arrested in their development, would lead, later in life, to a propensity for these cells to develop into tumours. The particular phenotype of the tumour would further depend on different susceptibilities of the pathway to the effects of mutations of specific genes during particular stages of chromaffin cell maturation. During development of the embryonic adrenal gland, NPY is expressed in precursor chromaffin cells as they invade the adrenal mesodermal anlagen, and before those precursor cells begin to express PNMT (Henion & Landis 1990) . Relative lack of expression of both PNMTand NPY in VHL tumours might therefore reflect their development from more primitive chromaffin progenitor cells (i.e. those that do not yet express PNMT or NPY) than those giving rise to tumours in MEN 2, where NPY and PNMT are both expressed, or those in non-syndromic cases, where NPY and PNMT are coexpressed more variably.
The molecular events during development that link the various mutations to the diverse phenotypic variants of The results of this study are consistent with previous reports of considerable variability in the expression of NPY in phaeochromocytoma tumour tissue and in plasma levels of the peptide in patients with the tumour (Adrian et al. 1983 , Lundberg et al. 1986 , Grouzmann et al. 1989 , O'Hare & Schwartz 1989 , deS Senanayake et al. 1995 . Variable tumour expression and plasma levels of the peptide have been suggested in other studies to contribute to differences in disease presentation, including presence of hypertension and left ventricular hypertrophy (Connell et al. 1987 , deS Senanayake et al. 1995 , Eurin et al. 2000 , Bravo 2002 , Kuch-Wocial et al. 2004 . This possibility is supported by findings that the expression of NPY in phaeochromocytoma tumour tissue determines elevations in plasma levels of the peptide, which in some patients may reach 6 . 16 nmol/l (26 mg/l; deS Senanayake et al. 1995) . Such levels are well in excess of those shown during i.v. infusion of NPY to cause significant increases in blood pressure (Ullman et al. 2002) , indicating that the release of NPY from phaeochromocytomas may easily contribute to increased blood pressure.
During screening for phaeochromocytoma in VHL patients, Walther and colleagues (Walther et al. 1999) observed that only 16% of patients with the tumour had hypertension and 8% symptoms of catecholamine excess. Although hypertension in VHL patients with phaeochromocytoma was noted to be more prevalent (50%) when screening was not employed, this prevalence was still lower than in patients with other forms of phaeochromocytoma, where 92% were hypertensive. Other comparisons of patients screened for hereditary phaeochromocytoma further confirmed a lower prevalence of hypertension in VHL than in MEN 2 patients (18 vs 40%) and showed that this difference was independent of tumour size (Eisenhofer et al. 2001) . Moreover, as a function of tumour size, VHL patients had larger increases in plasma catecholamines, yet had a lower prevalence of hypertension than MEN 2 patients with phaeochromocytoma.
The above observations suggest that factors other than increases in plasma catecholamines contribute to differences in clinical presentation of the tumour. The relative lack of expression of NPY in tumours from VHL patients observed here suggests one such alternative factor that might contribute to the lower prevalence of hypertension in VHL patients than in other patients with phaeochromocytoma. Establishing this possibility requires further studies with measurements of plasma concentrations of NPY in relation to presentation of signs and symptoms. Since the plasma half-life of NPY is only about 12 min (Grouzmann et al. 2001) , and because the peptide is cosecreted with catecholamines, such studies will require accounting for the more episodic nature of catecholamine secretion in MEN 2 tumours when compared with the more continuous secretion in VHL tumours.
In summary, this study establishes much lower expression of NPY in phaeochromocytomas from VHL patients than in other forms of the tumour. This difference supports the presence of a distinct phenotype of phaeochromocytomas in VHL patients.
